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Introduction

Nonrelativistic QCD
Light cone expansion formalism

Heavy quarkonia production processes
o Decays: (bb) — (cc) + X
o ete™ annihilation: ete™ — (bb) + X, (¢c) + X
e pp-collision: pp — (bb) + X, (bc) + X, (¢c) + X, .

General property

@ Small relative velocity v < 1 (v ~ 0.3 for (zc), v ~ 0.1 for (Bb))
o Scales: Mg > Mgv > Mgv?

@ Amplitudes can be expanded in v

Nonrelativistic QCD (NRQCD) )
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Introduction

Nonrelativistic QCD
Light cone expansion formalism

ete” — My
\ M
N\ . Factorization formula :
\
h\ ! Short Dist
; 7 T=Y C, x<M10,(0)10>
)AVAVAVAVAVAVAV: —_——

" Large Dist.

Nonperturbative effects: (M|O,|0)

@ Infinite number of operators: O ~ x4, xT D&, X"'Dzw7 xtHGY, ...
Velocity scaling rules: x 1t ~ v3, X+D2'¢v ~ VB

At given accuracy finite number of operators contribute

At leading order only (nc|x%|0) ~ W(0) contributes
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Introduction

Nonrelativistic QCD
Light cone expansion formalism

ctorization

T(ete™ = nen) = (nelx* w10) (Co + Ca(a?) + Cata®) + .. )

(nelx* (= £D)"y|0)
(nelxTlo)

@ Radiative corrections: C,, = c,(,o) + c,(,l)a, + c,(.,z)af + ...

@ Relativistic corrections: (g”) = m2(v") =

Process independent matrix elements: (v") (Qcp sum rules )

@ 1S-states (nc,J/¥)  (v2) = 0.21 4 0.04, (v*) = 0.06 + 0.02, (v®) = 0.022 + 0.08
( V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Lett. B646, 80; Phys.Rev. D75, 094016)

@ 2S-states (1L, v’) (v3) = 0.54 £ 0.35
( V.V. Braguta, Phys.Rev. D77, 034026 )

@ 1P-states (Xco, Xc1; Xe2, he) (vZ) = 0.30£0.10, (v*) = 0.12+0.04, (v®) = 0.051 +0.018
( V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D79, 074004 )

Aim: CALCULATION OF THE cg FOR ANY PROCESS J
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Introduction
Nonrelativistic QCD

Light cone expansion formalism

o Decays: T — pm,np — J/Wd /1, xpo — I/ ...
o Annihilations: ete™ — J/4ync, J/¥J /1, X0V, -
o Different formfactors: F(Q?)

o General property: E, > Aocp, M

M1
EZ " 10

Expansion parameter ~

an(Eh OO) +3n+1(Eh:OO) AL

@ 0= n+1
Eh

Light cone expansion formalism (LCF) |

V.V. Braguta



Introduction
Nonrelativistic QCD
Light cone expansion formalism

Factorization

T =23, G (M|0,[0)

Operators that contribute to pseudoscalar meson production
° Q'Y/L’YSQy O'VMIYSDul Qy QIVN’YSD;“ Dp,z Qy
° QO-O[B’Yst QJQB’}/SD‘M] Qv Qo-a,6’75D,u,1D,uzQy
° Q'YH’YSGQ,BQy Q’YM’YSGa,BD,ul Q, Q’YM’YSGQBD;“ DuzQy

— 0'0
- + sn+1 + sn+1 +

At a given accuracy some operators can be omitted

V.V. Braguta



Introduction
Nonrelativistic QCD

Light cone expansion formalism

The leading twist distribution amplitudes

Operators that contribute at the leading twist approximation:

(M(p)|@7475(D+)"QI0),, = p"™ [ decng(e, )

Vi =vo + vz, £ =x1 — X2,

The distribution amplitude (DA) ¢(&) can be considered as a meson’s wave function

Exclusive processes at the leading twist

T= fdé-H(éau) X (b(gau)? o~ Eh

@ Resume infinite series of operators

@ No double logarithmic corrections (~ as(Ep) - log? Ep)

@ Resume leading logarithmic corrections (~ as(Ey,) - log Ey,) in all loops

A.V. Efremov, A.V. Radyushkin, Phys.Lett. B94 (1980) 245,
G.P. Lepage, S. J. Brodsky, Phys.Rev. D22 (1980) 2157
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Introduction

Nonrelativistic QCD
Light cone expansion formalism

T = [dEH(E, 1) x B, 1)

Process independent distribution amplitudes: ¢(&, 1)

Models for charmonia distribution amplitudes are proposed in papers

@ V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Lett. B646 (2007) 80
(ne meson)

@ V.V. Braguta, Phys.Rev. D75 (2007) 094016
(J /% meson)

@ V.V. Braguta, Phys.Rev. D77 (2008) 034026
(nL, 4 mesons)

@ V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D79 (2009) 074004
(Xco, Xe1, Xe2, hc mesons)

Aim: CALCULATION OF THE H(¢) FOR ANY PROCESS )

V.V. Braguta



Kinematics
Analitical calculation Feynman diagrams

Projection operators
Results

FEYNMAN DIAGRAMS

QUARK
PROJECTOR

MESON

ANTIQUARK

"Factorization"of analitical calculation

Amplitude of meson production:

@ Diagrams with QQ production

@ Projection of Q@ to state with definite quantum numbers

V.V. Braguta



Kinematics
Analitical calculation Feynman diagrams

Projection operators
Results

FeynCalc

Tools and Tables for Quantum Field Theory Calculations

r Introduction
FeynCalc is a Mathematica package for algebraic calculations in elementary particle physics.
Some of the features of FeynCale are:

o Passarino-Veltman reduction of onc-loop amplitudes to standard scalar intcgrals

 Tools for frequently occuring tasks like Lorentz index contraction, color factor calculation, Dirac matrix manipulation and traces, ctc.

.

Tensor and Dirac algebra manipulations (including traces) in 4 or D dimensions

.

Gencration of Feynman rules from a lagrangian

*  Tools for non-c

utative algebra

« SU(N)algebra

.

Tables of integrals. convolutions and Feynman rules

.

Special convolution, Mellin transform and other integral tables

.

Tools for calculating 2-loop propagator-type diagrams

.

FORM and FORTRAN code generation

V.V. Braguta



Kinematics
Analitical calculation Feynman diagrams

Projection operators
Results

H(p) Hp)

Amplitude can be expressed through the (H(p)~(k)|JE,,10)

D

NRQCD kinematics

@ p-momentum of meson, g-relative momentum of QQ pair (pg=0)

4 PQ = %p + q quark momentum, pg = %p — q antiquark momentum

@ meson mass M = 2E(q) = \/m2 — g2

v

LCF kinematics ( s — oo)

@ No transverse motion ( p* = ?(1,0, 0,1))

@ Quark momentum PQ = x1p, antiquark momentum pg = x2p (x1 + x2 = 1)

@ Relative momentum g = £p, £ =x3 — x2
v

V.V. Braguta




Analitical calculation

Kinematics (NRQC

Kinematics
Feynman diagrams
Projection operators
Results

p[a_] = FourVector[p, a];
k[a_] = FourVector [k, a];
g[a ] = FourVector[q, a];
A[a_] = FourVector[A, a];

M =8qrt[4+ (mc A 2 - ScalarProduct [qg, q])];
ScalarProduct [p, g] =0;

ScalarProduct [k, k] = 0;

ScalarProduct [p, p] = MM 2;

ScalarProduct [p; k] =s5/2-MA2/2;

hp = GS[p];
hk = G8[k];
hq - GS[q];
hA = GS[A];

V.V. Braguta



Kinematics

Analitical calculation Feynman diagrams
Projection operators
Results

Kinematics (LCF)

In[52:= p[a_] = FourVector [p, a];
pl[a_] = x1#+FourVector[p, a];
p2[a_] = x2+ FourVector [p, a];
k[a_] = PourVector [k, a];
A[a_] = PourVector [A, a];

ScalarProduct [k, k] =0;
ScalarProduct [p, p] = 0;
ScalarProduct [pl, pl] = 0;
ScalarProduct [p2, p2] = 0;
ScalarProduct [p, k] =8/ 2;
ScalarProduct [pl, k] =x1*s/2;
ScalarProduct [p2, k] =x2+s8/2;
ScalarProduct [A, k] =0;

hp = GS[p];
hpl = x1+GS[p];
hp2 = x2+GS[p];
hk = GS[k];
hA = GS[A];

V.V. Braguta




Kinematics

Analitical calculation Feynman diagrams
Projection operators
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Diagrams (NRQCD)

[LEC
qenzeenas
ExpandScalarProduct [SpinorUBar[1/2 p+ q, mc].GA[mu].(hq-hk-1/2+bp + mc).hA.SpinorV[1/2 p- g, mc]/
(ScalarProduct [g-k-P/2s g-k-Dp/2] -mcA2) +
SpimorUBar[1/2 p+q, mc].bA.(1/2+hp + hk + hq +me) .GA[mu] .SpinorV[1/2 b - a. me] /
(ScalarProduct [q+k+p/ 2, G+k+B/2] ~mecA2)]*
(SUNTrace[1] /Sqrt [SUNTrace [1]]) /. {SUNN » 3}

figim).y z

TP eyq)iy-Ave(q - Eome)
N

Fryoq)y™ (g -2me)

yok v me - t

m

f+q me).(y - Ay y -k +me +

outizsl= V3 e? qc? T
-a?)

-2k qfl\mrzfqz'\ﬁ»'; 2k-g-2(me

Diagrams (LCF)

Qe A 2w e A2 ExpandScalarProduct [SpinorUBar [pl].GA[mu]. (~hp2 - hk) .hA.SpinorV[p2] / (ScalarProduct [p2 + k, p2+k]) +
SpinorUBar [pl].hA. (hpl + hk).GA[mu].8pinorV[p2] / (ScalarProduct[plsk, pl+k])]+
(SUNTrace[1] / SUNTrace[1]) /. (SUNN - 3}

e(pl)-(y - Ay k +xly-p)ym™ #(62)  elphy™(~(y k) -

s xl § X

yopy-A) \ClPIWJ

In some calculation FeynArts is used J
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Projection operators F)

V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D80 (2009) 094008

In[21]:= Project = {fP/4+hp.GA[5], fcl/4+hp, fecl/4+hp.GA[5], fc2/4xhp}

fecdy-p 1 ﬁ:l}"!‘-’}

1 - -
Dut{21]= {1 Piy-py’. :1 fel (y-p).y”. p
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Projection operators to to definite S (NRQCD)
J=UTv = Tr[TP]

o Spin-triplet of Q@ pair (spin polarization ¢)

- 4ﬁE(q)(E( )+me) (pQ mq)e*(p + 2E(q))(bg + mc)

o Spin-singlet of QQ pair (spin polarization )

= 4fE(q)(E(q)+mQ)( o — mQ)s(P +2E(q))(Po + mc)

G.T.Bodwin, A.Petrelli, Phys.Rev.D 66,094011

V.V. Braguta
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Q@ T(S=0=A+B,q7 +..., T(S=1)=(Cp+ Dspq° +...)e"

O:
@ the nc meson: T(ne) = %A
. _ /£91)xco 1 po . pPp°
@ the Xco meson: T(xco) = TDpaﬁ —8& aF 4,_"%

the X1 meson: ...

@ the xc2 meson: ...

E.Braaten, J.Lee, Phys.Rev.D 67,054007

Relativistic corrections

2 ot
Ttne) = V5L (el 010) S0 U5 (522 )" [

G. T. Bodwin, J. L. Lee, C. Yu, Phys.Rev. D77 (2008) 094018
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Kinematics

Analitical calculation Feynman diagrams
Projection operators
[RESIIS

Results for J F)
In[10]:=
Factor [Tr[T.Project [[1]]]] /. {x1+ x2 = 1}
Factor [Tr[T.Project [[2]]]] /. {x1+ =2 —» 1}
Factor [Tr[T.Project [[3]]]] /. {x1+ =2 = 1}
Factor [Tr[T.Project [[4]]1]] /. {x1+ x2 = 1}
ie? fP gl emu A ke
Out[18]= — ———
5 xl x2
e? fol ge? (x1 —x2) (5 A™ -2 k™ A p)
Cut[20]=
2 5 xl x2
{-ez fcl qcz £ mu Akp
Out[21]1= —
5 xl x2
e? fc2 qe? (x1 —x2) (§ A™ -2 kmu 4. p)
Cut[22]=
2 5 xl x2




Kinematics

Analitical calculation Feynman diagrams
Projection operators
[RESIIS

Results for J* (NRQCD)

Sqrt[01/2/3/mec] # (Factor [Tr[Dot [T, Project[[1]]]]] /. {ScalarProduct[q, gq] + 0,
BealarProduct [k, g] » 0, Eg - ne})

—

diel gl fm emuAkp
V me

D[((Tr[Dot[T, Project[[2]]]] /. {ScalarProduct[q, g] = 0, Eq - mc, ScalarProduct[A, k] = 0}) /.
{Pair[a_, Mcmentum[q]] + t #Pair[a, LorentzIndex[si]]}), t] /. {t = 0};
Factor [Sqrt[01/2/3/me] # Contract [ (-MetricTensor[si, ro] +p[si]#+p[ro]/4/mcA2)+R]] /.
{ScalarProduct [q, q] -> 0, ScalarProduct [A, k] = 0}

—
[

a (24 met k™ Ap—2me s k™ A-p+d8me® A™ - 16 me! 5 A™ +me? 52 A™)
me

v

26 qc2

me? |4 me? - 5)2
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Exclusive production
Application Inclusive production

Exclusive processes

@ Heavy quarkonia production at B-factories
o Single production: ete™ — 1Y, X0, ---
o Double production: ete™ — J/vnc, J/Vxco, J/ 10/, ...
e Production in decays: xp0 — J/VJ/V, T — J/9n,, ...

@ Heavy quarkonia production at pp-collision

e Production in decays:
xbo = J/VI/ VT — J/ine, B — J/Vev...

V.V. Braguta



Exclusive production
Application Inclusive production

Bottomonia decays to double charmonia

(a) (b)
v
All leading twist C-even bottomonia decays were considered in paper
V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D80 (2009) 094008,
Erratum-ibid. D85 (2012) 119901
Approximately 30 processes
o

V.V. Braguta



Application

Exclusive production
Inclusive production

Leading twist decays of the 7, meson

b — Xel Ye2

reaction I'vrgep, eV TLe, eV Brie, 1077
M —+ het) 16730 £84 £81 32 £26+ 61482 0.33
1y = he(28) £6.5439 16. £14 4+ 3.1 £4.2 0.17
T +68+65 914073 £464+23 0.092
M = 1l 25) et 6 +52431 43403643, +£1.1 0.043
o = HeXe P E84£18 18 £ 14487 £4.5 0.18
i = 1:(28)ye LE414086 820756421 0.083
M = Xeo Xt 2192412 444038 £234+11 0.045
093104 £2.9 4046 B6+0.73+434+22 0.087

V.V. Braguta




Application

Exclusive production

Inclusive production

ding twist decays of the x 9 meson

X —F TeXel
Xt = 7e(25) Xe1
Xbh = X0 Xe2
Xb0 =+ TeTje
Xbo —+ Tetle(25)
Xbo =+ e (25)m:(25)
Xol =
yio —+ Y (25)
Yo — U(25)9(28)
Xt =+ hehe
b — Yl X
bl = Xel Xel
oo = XeoXen

S L1.94003
4114045

0.0001510-007 £ 0,038 £7.6 % 107°

— (L4
TN a6 4+4.
TR L7544 30
LT £2.8+0.94
L3 ERT 22
43t 63+l
LI+ 1.9 £0.52
0.01415 002 4+ 0.021 £ 0.0071
0.0067 o0 £ 0.022 4 0.003
£0.63 £0.043

0003270 s 4 0.035 £ 0.0016

98 +025+48+25
a0+ LE4£15
0.14 £ 0.034 £ 0.07 £ 0.034
10.+£045+£494+25
122421 4£83 43
36+144£3.£091
15, £ 0.68 £ 0.51 £ 3.8
2. £3.5 £0.62 £ 5.
6.5+25 018 +1.6
0.3 £ 0.074 £ 0.079 £ 0.075
(L035 £+ 0.0087 £ (L0158 + 0.0088
244012412206
0.13 £ 0.033 £0.066 £ 0.033

1.2
0.73
0.017
L3
L5
0.45
L9
25
0.81
0.037
0.0044
0.3
0.017

V.V. Braguta




Exclusive production

Application Inclusive production

ding twist decays of the xp;

X1 — het 0I8TI0E £ 0.13 £ 0.091 0.88 £ 0.078 £ 0.17 £0.22 0.68
Y1 = ho(285) 0.080T 0TS 4+ (.086 £ 0.045 0.67+ 018 £0.13 + 0.17 0.52
o1 = YeXed 0.03810 0058 £ 0.038 £ 0.019 0.25 £ 0.022 £ 0.12 4 0.061 0.19
Y1 = 1e(28) xe0 0019710052 £ 0.022 £ 0.0093 0.17 £ 0.046 £ 0.12 4 0.043 0.13
Xb1 — TeXez 01175t 4+ 0.075 £ 0.055 0.48 + 0.042 £ 0.24 £0.12 0.37
Yer — 1e(28) xe2 0.0541) 0058 £ 0.051 + 0.027 0.33 £ 0.089 + 0.23 £ 0.083 0.26
b1 = X0 Xe1 0.0871 1072 £ 0.061 £ 0.04 0.12 £ 0.015 4 0.06 +£0.03 0.091
b1 — Xe1Xez 0.0187 ) aa- + 0.028 £+ 0.0001 0.23+£0.03 £0.11 £0.057 0.18

V.V. Braguta



Exclusive production

Application Inclusive production

ading twist decays of the x> meson

Yoz = NeXel 0.267 0T £ 0.18 £ 0.13 0.63 £0.011 4 0.31 +£0.16 0.31
b2 = 7e(28) xer 013700028 4+ 0.12 + 0.064 0.35 + 0.044 4 0.24 + 0.086 017
Xbz = Xeb Xe2 00761517, £ 0.058 £ 0.038 0.049 4+ 0.0075 £ 0.025 £ 0012 | 0.025
Xb2 = Dol 0.2675 05 £0.69 £0.13 0.64+0.02 £0.31 £0.16 0.32
Yoz = 1:(28) 1. 02670008 £ 0.7 £ 0.13 0.71£0.002 + 0.48 £0.18 0.36
Yoz — 1e( 25)5:(25) 0.06275 M8 +0.18 £0.031 0.24 0.068 £0.17 £0.051 0.1
Xz — YU 9.7 £6.9+£49 9.6+ 042 £ 0.33 £ 24 48
Yoz — ¥(28)9 9675 £0.3 448 1.+ 1.9+035+28 5.7
Koo — (28)¢(28) 2.31) 3441440094 +£0.84 L7
Yoz =+ hehe 0.06115 052 £0.17 £0.031 0.48 £0.034 £ 0.13 £0.12 0.24
Xb2 = Xe0 Xe0 0.002175 o0s £ 0.0037 £0.0011  [0.013 £ 0.0019 £ 0.0065 £ 0.0032|  0.0063
Xb2 — Xel Yol 0.02675 005 £ 0.063 + 0.013 0.28 +0.03 + 0.14 +0.069 0.14
Xb2 = Xe2Xe2 0.028700058 £+ 0.042 £+ 0.014 0.54+0.11£0.27 £0.13 0.27
Xbz = het) 3.6+0.09 £ 0.68 +£09 1.8
vz — het(28) 5 £0.62£0.28 2.1 £0.36 £0.39 £0.52 L.
Xb2 = XelXe2 0.0447 0000 £ 0,036 & 0.022 0.49 £ 0.1 £0.24 £0.12 0.25

V.V. Braguta




Exclusive production
Application Inclusive production

ent results

Br-10"° Br-10" % Br-10"% [ Br-10"%

NRQCD [1] | NRQCD [2] LCF [3] Exp. [4]
Xbo — 2J/0 0.5 1.9 19£05 <71
Xpo = 24/ 3.4 17.5 48+1.2 <45
Xbo — J/¥ ¥(25) = = 25+0.7 <12
Xpa — 4/ $(2S) = = 5.7+ 1.8 < 4.9
Xpo — 29(25) — — 08104 <31
Xpa — 29(25) = — 1.740.8 <1.6

NRQCD calculation:
[1] Juan Zhang, Hairong Dong, Feng Feng, Phys.Rev. D84 (2011) 094031
[2] Wen-Long Sang, Reyima Rashidin, U-Rae Kim, Jungil Lee, Phys.Rev. D84 (2011) 074026

Light cone formalism calculation:
[3] V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D80 (2009) 094008
Erratum-ibid. D85 (2012) 119901

Belle experiment:
[4] Phys.Rev. D85 (2012) 071102

V.V. Braguta



Exclusive production
Application Inclusive production

Inclusive processes

@ Heavy quarkonia production at B-factories

o Single production: ete~ — J/WDD + X, J/V + X

e Production in decays: xp0 — J/WVDD + X, T — J/p + X, ...
@ Heavy quarkonia production at pp-collision

o pp— JJV +X,Bc+ X, Xcp + X,2J/W + X, J/WDD + X, ...

V.V. Braguta



Exclusive production
Application Inclusive production

pp — xp + X

o(pp — xp + X) = [ dxadxof(x1)f(x2)6(gg — xp)

At the leading order approximation ( gg — xp )
@ 1 production is forbidden (Landau-Yang theorem)

@ o(pp — xp + X) independent on pt

V.V. Braguta



Exclusive production

Application Inclusive production

RGPt

pp — xp + X at NLO

A

@ x1 production is allowed
@ o(pp — xp + X) dependence on pt appears

V.V. Braguta



Exclusive production

Application Inclusive production

CDF

[CDF Collab., PRL 79 (1997) 578]

A.K. Likhoded, A.V. Luchinsky, S.V. Poslavsky, e-Print: arXiv:1305.2389

V.V. Braguta



Exclusive production

Application Inclusive production

20

P-Wave OO

14

[CDF Collab., PRL 79 (1997) 578]
[LHCb Collab.. PLE 714 (2012) 215]

A.K. Likhoded, A.V. Luchinsky, S.V. Poslavsky, Phys.Rev. D86 (2012) 074027; e-Print:arXiv:1305.2389

V.V. Braguta



Exclusive production

Application Inclusive production

—_—

PP — Xcp + X at FAIR

V.V. Braguta



Exclusive production

Application Inclusive production

Epn =15 GeV
Wy

A.V. Luchinsky, S.V. Poslavsky, Phys.Rev. D85 (2012) 074016

Cross sections are included in PandaRoot

V.V. Braguta



Exclusive production

Application Inclusive production

Egan =15 ¥
W,

A.V. Luchinsky, S.V. Poslavsky, Phys.Rev. D85 (2012) 074016

Cross sections are included in PandaRoot

V.V. Braguta



Exclusive production

Application Inclusive production

FOE X
AL IR

pp — J/v¥J /v + X (30 diagrams)

V.V. Braguta



Exclusive production

Application Inclusive production

dor fdmy o, nb

in

i

A.V. Berezhnoy, A.K. Likhoded, A.V. Luchinsky, A.A. Novoselov, Phys.Rev. D84 (2011) 094023
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Exclusive production

Application Inclusive production

pp — J/D + X

0.200 0,500 ¥
0.100
L 0050 0100
% >
O 8 0050
37 0020 .
2, ] o
= -
= 0010 3
= o
5 2 0010
£ 0.005 3
K 0.005
0.002
0.001 . . . . . ] 0.001
0 2 4 6 8 10 12 4 6 3 10 12
piY,Gev PP, GeV

A.V. Berezhnoy, A.K. Likhoded, A.V. Luchinsky, A.A. Novoselov, Phys.Rev. D86 (2011) 034017




Conclusion

Conclusion

@ Algorithm for automatic calculation of heavy quarkonia
production processes (NRQCD, LCF) is developed

@ It can be used to calculate relativistic corrections (NRQCD) at

any accuracy
@ Algorithm is very simple (tools: Mathematica, FeynCalc,
FeynArt)
@ Successful applications for exclusive and inclusive production

THANK YOU J

V.V. Braguta
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